Introduction
============

Chagas disease, caused by *Trypanosoma cruzi*, remains a serious public health problem and affects about 10 million people in Latin America ([@B23]). The *T. cruzi* infection induces a broad repertoire of antibodies against both parasite antigens ([@B8]; [@B1]; [@B7]; [@B9]) and self-molecules ([@B12]; [@B3]; [@B18]; [@B10]). Distinct levels of anti-*T. cruzi* antibodies have been observed in patients with different clinical forms of Chagas disease ([@B2]). However, the precise role that antibodies may play in interconnecting the cellular immune response is not fully understood.

The Fc-γR represent the major interface between humoral and cellular immune responses. These molecules have been involved in activating several functions including phagocytosis, degranulation, cytokines production, and antibodies-dependent cellular cytotoxicity ([@B16]). Therefore, the Fc-γR are essential to the immune system through a link between antibodies and effector functions ([@B14]). Three different classes of Fc-γR have been described in humans. The Fc-γRI (CD64), Fc-γRII (CD32), and Fc-γRIII (CD16) are expressed in different immune cells, with distinct Fc-γR isotypes ([@B15]). Fc receptors can simultaneously trigger activation and inhibition pathway sets thresholds for cell activation and generate an effective immune response ([@B17]). Our group has previously shown that monocytes from IND presented a putative lower expression of Fc-γR upon *in vitro* culture either in the absence or presence of live trypomastigotes organisms. The down-regulation of Fc-γR expression by monocytes from IND was associated with a lower phagocytic capacity, but not with the anti-*T. cruzi* IgG observed in IND ([@B6]). No previous report has addressed the integrative network assembled by distinct patterns of Fc-γR expression or the impact of soluble *T. cruzi* antigens on Fc-γR expression by circulating leucocytes subsets in patients with distinct clinical forms of Chagas disease.

In this study, we investigated the contribution of Fc-γR receptors to the development/maintenance in the chronic phase of Chagas disease. An integrative overview of Fc-γR expression in neutrophils, monocytes, NK cells, B and T lymphocytes was evaluated for IND and CARD patients, as well as their cytokine expression and anti-*T. cruzi* IgG interface. Our data showed that gaps in the Fc-γR expression and the impaired regulatory cytokine microenvironment interfaced with the anti-*T. cruzi* IgG reactivity throughout an exacerbated negative connectivity may account for the development/maintenance of the clinical status of cardiac Chagas disease.

Materials and Methods {#s1}
=====================

Study Population
----------------

This study was approved by the Ethical Committee at IRR/FIOCRUZ, Belo Horizonte, Minas Gerais, Brazil (CAAE 11-2004). All patients had read and signed the informed consent form, according to Resolution 466/2012 from the Brazilian National Health Council for scientific research with humans. All participants were residents of the municipality of Bambuí, state of Minas Gerais, Brazil. Laboratory and clinical examinations were carried out for diagnosis and to differentiate the clinical forms of late chronic Chagas disease. Conventional serology was performed to establish the positive and negative status of Chagas disease. Standard commercially available serological tests, including indirect hemagglutination and indirect immunofluorescence assays were used as recommended by the Brazilian National Consensus for Chagas disease diagnosis. A total of 32 volunteers (11 males and 21 females, ages ranging from 20 to 70 years) were enrolled in the present investigation, comprising 21 Chagas disease patients and 11 healthy non-infected individuals (NI, 03 males and 08 females) as a control group. According to their clinical records, the Chagas disease patients were categorized into two different groups, referred to as Indeterminate (IND, 03 males and 05 females) and Cardiac (CARD, 05 males and 08 females) clinical forms. Indeterminate Chagas disease patients presented asymptomatic chronic infection with no clinical manifestations other than the positive serological status. Patients included in the CARD group displayed cardiac dysfunction, characteristic of dilated cardiomyopathy defined by a detailed clinical examination, including chest X-ray, electrocardiography, and 24 h Holter monitoring.

Short-Term Whole Blood Culture *in Vitro*
-----------------------------------------

Heparinized peripheral blood samples (10 mL) were collected from each participant into Vacutainer tubes (BD Pharmingen, San Diego, CA, United States). Short-term whole blood cultures *in vitro* were carried out as previously described by [@B22]. Briefly, aliquots of heparinized whole blood samples were incubated in 14 mL polypropylene tubes (Falcon^®^, BD Pharmingen, San Jose, CA, United States) in two distinct conditions, including the control culture-CC, referred as "*Ex vivo,"* and upon stimulation with *T. cruzi*-Ag, referred as "*T. cruzi* antigen recall." In the *Ex vivo* condition, 500 μL of whole blood were incubated with 500 μL of RPMI-1640 (GIBCO, Grand Island, NY, United States) and 10 μL of Brefeldin A (Sigma, St. Louis, MO, United States) to reach a final concentration of 10 μg/mL. For *T. cruzi* antigen recall *in vitro*, 500 μL of whole blood were pre-incubated with 400 μL of RPMI-1640 and 100 μL of trypomastigote *T. cruzi* soluble antigen (CL strain), prepared as described by [@B5] at a final concentration of 20 μg/mL, for 1 h at 37°C in 5% CO~2~ humidified incubator. Following antigen priming *in vitro*, 10 μL of Brefeldin A were added to each whole blood sample and cultures were incubated for 4 h at 37°C in a 5% CO~2~ humidified incubator.

Intracytoplasmic Cytokine Analysis by Flow Cytometry
----------------------------------------------------

Following short-term whole blood culture *in vitro*, each sample was incubated for 15 min with 200 μL of EDTA (Sigma, St. Louis, MO, United States) to reach a final concentration of 2 mM. The samples were then washed once with 3 mL of FACS buffer (phosphate buffered saline supplemented with 0.5% of bovine serum albumin and 0.1% sodium azide, Sigma, St. Louis, MO, United States). Samples were resuspended with 1 mL of FACS buffer and 400 μL aliquots stained in the dark for 30 min at room temperature with FITC (BD Pharmingen, San Diego, CA, United States) or TC (Caltag, Burlingame, CA, United States) labeled mAbs \[anti-CD3 (UCHT1); CD19 (4G7); CD14 (M5E2); CD16 (3G8); CD32 (3D3), and CD64 (10.1)\]. After lysing/fix procedure, membrane-stained cells were permeabilized for 30 min at room temperature with FACS perm-buffer (FACS buffer supplemented with 0.5% of saponin). Next, samples were distributed in U-bottom microplates containing 20 μL of PE-labeled anti-cytokine mAbs \[anti-TNF-α (MAb11); IL-12p40/p70 (C11.5); IFN-γ (4S.B3); IL-4 (BVD4-1D11); IL-10 (JES3-19F1), and IL-13 (JES10-5A2), BD Pharmingen, San Diego, CA, United States\]. After intracytoplasmic cytokine staining, the cells were washed once with FACS perm-buffer, once with FACS buffer, and then fixed with FACS FIX Solution (10 g/L of paraformaldehyde, 10.2 g/L of sodium cacodylate and 6.63 g/L of sodium chloride, pH 7.2, Sigma, St. Louis, MO, United States). Samples were stored at 4°C up to 24 h prior to flow cytometry acquisition. A total of 30,000 events/sample were run in a four-color FACScalibur^TM^ flow cytometer (Becton Dickinson, San Jose, CA, United States) using CellQuest^TM^ software (Franklin Lakes, NJ, United States).

Distinct gating strategies were applied to select leukocyte subsets, including neutrophils, monocytes, NK, and B-cells, as previously described by [@B22]. Briefly, neutrophils and monocytes were identified as SSC^high^CD16^high+^ and CD14^high+^ events, respectively. NK and B-cells were identified first by selection of FSC^low^SSC^low^ events followed by the selection of CD5^-^CD19^-^ and CD19^+^ events, respectively. Upon selecting each leucocytes subset, the expression of Fcγ-R as well as the frequency of cytokine-positive was determined. CellQuest^TM^ software was employed for flow cytometry analysis. *Ex vivo* data were reported as mean fluorescence intensity (MFI) for Fcγ-R expression and as percentage of cytokine-positive cells within a given leukocyte subset. Data regarding the impact of *T. cruzi* antigen recall *in vitro* were reported as *T. cruzi* Ag/CC Index for both Fcγ-R expression and cytokine-positive cells.

Immunofluorescence for Anti-live Trypomastigote IgG by Flow Cytometry
---------------------------------------------------------------------

The immunofluorescence assay was carried out as previously described ([@B2]). Briefly, 5 × 10^5^ parasites were incubated in the presence of serial serum dilutions (1:128 to 1:16,384) at 37°C for 30 min. After incubation, the parasites were washed twice with phosphate buffered saline supplemented with 10% fetal bovine serum and reincubated in the presence of fluorescein isothiocyanate (FITC)-conjugated anti-human IgG antibody at 37°C for 30 min in the dark. After two wash procedures, the FITC-labeled parasites were fixed with a FACS FIX Solution before analysis in the cytometer. The results were expressed as percentage of fluorescent positive parasites (PPFP) along the titration curve. Additionally, the reactivity pattern was further addressed by calculating the proportion of subjects with PPFP \>20%, referred to as the positivity ratio.

Data Mining and Statistical Analysis
------------------------------------

Comparative analysis among study groups was performed by Kruskal--Wallis variance analysis followed by Duns' post-test. The Chi-square test was applied to define differences in proportions between groups. Gray-shaded diagrams were built to calculate the frequency of subjects with high biomarker indices above the global median estimated for the study population. Relevant attributes were identified in biomarker signatures, considering the 50^th^ percentile as the cut-off as proposed by [@B11]. The Spearman correlation test was applied to yield statistic matrix (*p* and *r* values) to assemble the biomarker networks. GraphPad Prism software, version 5.03 (San Diego, CA, United States), was used for statistical analysis and graphic arts. In all cases, significance was considered at *p* \< 0.05. Microsoft Excel was used to assemble gray-shaded diagrams. Cytoscape software, version 3.2.0, was used to construct nodal biomarker network layouts for each clinical group. Connecting edges were used to display the association between attributes and identify correlation scores, classified as positive (solid line) or negative (equal dashed line).

Results
=======

Differential Expression of Fc-γR by Phagocytes, NK-Cells, and B-Lymphocytes From IND and CARD
---------------------------------------------------------------------------------------------

The *ex vivo* analysis of Fcγ-R expression by phagocytes, NK-cells and B-cells from Chagas disease patients are presented in **Figure [1A](#F1){ref-type="fig"}**. Data demonstrated that IND displayed an overall higher expression of Fcγ-R (CD16, CD32, and CD64) by neutrophils and CD16 and CD64 by monocytes as compared to CARD. Conversely, CARD presented a down-regulation of CD16 expression by monocytes and an increased expression of CD32 by B-cells as compared to NI (**Figure [1A](#F1){ref-type="fig"}**).

![Expression of Fc-γR by phagocytes, NK-cells, and B-lymphocytes. The analysis of Fc-γR expression by neutrophils, monocytes, NK-cells, and B-cells were performed in whole blood samples collected from indeterminate (IND, ![](fmicb-09-01608-i001.jpg) = 8) and cardiac (CARD, ![](fmicb-09-01608-i002.jpg) = 13) Chagas disease patients and non-infected subjects (NI, ![](fmicb-09-01608-i003.jpg) = 11). The profile of CD16, CD32, and CD64 was characterized at *ex vivo* **(A)** and upon *Trypanosoma cruzi*-antigen recall *in vitro* **(B)**. Data are displayed in box plot format (median with minimum and maximum values) as mean fluorescence intensity (MFI) for each Fc-γR. Significant differences at *p* \< 0.05 are underscored by connecting lines and *p*-values provided in the figure.](fmicb-09-01608-g001){#F1}

*In Vitro T. cruzi*-Antigen Recall Induces an Overall Decrease of Fc-γR Expression in Chagas Disease Patients Mainly in CARD
----------------------------------------------------------------------------------------------------------------------------

The results of Fcγ-R expression by peripheral blood leukocytes upon *T. cruzi*-antigen stimuli *in vitro* are shown in **Figure [1B](#F1){ref-type="fig"}**. The results were expressed as *T. cruzi*-antigen/CC index. Data analysis demonstrated a general decrease of Fc-γR expression by innate immunity cells (NEU, MON, and NK-cells) in Chagas disease patients with the major effect observed in CARD, except for CD16 expression by MON, which was up regulated in IND (**Figure [1B](#F1){ref-type="fig"}**).

Preserved IL-10 Production Was the Hallmark of IND Whereas Lower Levels of IL-10^+^ Phagocytes, Along With Enhanced Frequency of TNF^+^ MON and NK-Cells, Were the Major Functional Features of CARD
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The *ex vivo* cytokine profile of phagocytes and NK and B cells from Chagas disease patients are presented in **Figure [2A](#F2){ref-type="fig"}**. The results showed that, regardless of the enhanced levels of IL-12^+^ NEU and lower IL-4^+^ B-cells, IND generally presented a baseline cytokine pattern in most circulating leukocytes and a preserved IL-10 production. Conversely, a classical TNF-mediated pro-inflammatory profile (MON and NK-cells) was observed in CARD, along with decreased frequency of IL-10^+^ phagocytes (**Figure [2A](#F2){ref-type="fig"}**).

![Cytokine profile of phagocytes, NK-cells, and B-lymphocytes. The analysis of cytokine pattern produced by neutrophils, monocytes, NK-cells, and B-cells were performed in whole blood samples collected from indeterminate (IND, ![](fmicb-09-01608-i001.jpg) = 8) and cardiac (CARD, ![](fmicb-09-01608-i002.jpg) = 13) Chagas disease patients and non-infected subjects (NI, ![](fmicb-09-01608-i003.jpg) = 11). Pro-inflammatory/regulatory cytokines (TNF, IL-12, IFN-γ, IL-4, IL-10, and IL-13) were measured at *ex vivo* **(A)** and upon *T. cruzi*-antigen recall *in vitro* **(B)**. Data are displayed in box plot format (median with minimum and maximum values) as percentage of cytokine^+^ events for each cell population. Significant differences at *p* \< 0.05 are underscored by connecting lines and *p*-values provided in the figure.](fmicb-09-01608-g002){#F2}

*In Vitro T. cruzi* Antigen-Recall Impacts the Functional Pattern of Leukocytes Mostly in IND, Leading to a Concomitant Increase of IFN-γ^+^NEU/TNF^+^NK-Cells and IL-10^+^MON/IL-10^+^B-Cells
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The functional cytokine profile of peripheral blood leukocytes upon *T. cruzi*-antigen stimuli *in vitro* was assessed as *T. cruzi*-antigen/CC index and presented in **Figure [2B](#F2){ref-type="fig"}**. Data analysis pointed out that leukocytes from IND embraced the most change, as shown by the enhanced levels of IFN-γ^+^NEU and TNF^+^NK-cells, counterbalanced by an increased frequency of IL-10^+^MON and IL-10^+^B-cells (**Figure [2B](#F2){ref-type="fig"}**).

Biomarker Signatures Further Emphasized the Contrasting Fc-γR Expression and Functional Cytokine Microenvironment Observed in IND and CARD
------------------------------------------------------------------------------------------------------------------------------------------

Data mining approaches were applied to build the biomarker signature, resulting in the phenotypic features of Fc-γR expression and functional profile (intracytoplasmic cytokine) of circulating leukocytes from IND and CARD (**Figure [3](#F3){ref-type="fig"}**, top panels). The frequency of patients with a "high" *T. cruzi*-antigen/CC index was calculated for each biomarker as a column statistic proportion and used to assemble the ascendant biomarker signatures of IND and CARD (**Figure [3](#F3){ref-type="fig"}**, middle panels). The results showed that IND presented up-regulated Fc-γR expression, particularly CD16, on NEU, MON and NK-cells, contrasting with a generally decreased Fc-γR expression observed in CARD (**Figure [3](#F3){ref-type="fig"}**, middle panels). Moreover, while IND presented a mixed functional pattern characterized by increased indices of TNF^+^ and IL-10^+^cells, CARD showed enhanced indices of TNF^+^ and IL-12^+^NEU (**Figure [3](#F3){ref-type="fig"}**, middle panels). Comparative analysis of the CARD biomarker signature (black bars) overlaid by the ascendant IND profile (gray line) underscored the gaps in Fc-γR expression in circulating leukocytes from CARD, mainly CD16 in NEU, MON, and NK (**Figure [3](#F3){ref-type="fig"}**, bottom panel). An analysis of functional features revealed relevant gaps in the cytokines microenvironment in CARD, specially TNF and IL-10. Conversely, up-regulation of TNF and IL-12 was noticed in NEU from CARD (**Figure [3](#F3){ref-type="fig"}**, bottom panel).

![Biomarker signatures upon *T. cruzi*-antigen recall *in vitro.* **(A)** Gray-shaded diagrams were constructed to compile the proportion of volunteers presenting (*T. cruzi*-antigen/Control Culture) index above the global median cut-off established for the study population. Twenty-two attributes (Fc-γR and Cytokine^+^ cells) were assessed and the percentage of volunteers with a high index determined for indeterminate (IND, ![](fmicb-09-01608-i001.jpg) = 7) and cardiac (CARD, ![](fmicb-09-01608-i002.jpg) = 13) Chagas disease patients. **(B)** The biomarker signatures were assembled as an ascendant curve for each clinical group to identify the relevant attributes as those with frequency above the 50^th^ percentile (gray-shaded background). The biomarker signature of CARD was further overlaid with the IND-ascendant signature for comparative analysis. Differences were considered for attributes with frequencies confined into distinct 50^th^ percentiles (dashed-rectangles).](fmicb-09-01608-g003){#F3}

Analysis of Anti-live *T. cruzi* Trypomastigote IgG Revealed That CARD Presented a Lower Seropositivity Ratio Along the Titration Curve as Compared to IND
----------------------------------------------------------------------------------------------------------------------------------------------------------

The reactivity of anti-live *T. cruzi* trypomastigote IgG was carried out by the flow cytometric serological approach, with the results presented in **Figure [4](#F4){ref-type="fig"}**. Data are reported as the percentage of positive fluorescent parasites (PPFP) along the titration curve (128 to 16,384). Statistical analysis, using the PPFP = 20% as the threshold, demonstrated that, regardless the overlapped mean reactivity observed at low sera dilution, specifically at dilution 16,384, CARD presented a lower seropositivity ratio as compared to IND (**Figure [4](#F4){ref-type="fig"}**).

![Anti-live *T. cruzi* trypomastigote IgG reactivity. The levels of anti-live trypomastigote antibodies were measured in serum samples collected from indeterminate (IND, ![](fmicb-09-01608-i004.jpg) = 5) and cardiac (CARD, ![](fmicb-09-01608-i005.jpg) = 10) Chagas disease patients. **(A)** Data are presented as mean ± standard error value of Percentage of Positive Fluorescent Parasite (PPFP), along the titration curve (1:128 to 1:16,384). **(B)** The differential reactivity pattern observed at 1:16,384 serum dilution (dashed rectangle) was further addressed to identify the proportion of subjects with PPFP \>20%. Data are reported as a positivity ratio for each clinical group.](fmicb-09-01608-g004){#F4}

Integrative Biomarker Network Analysis Revealed Distinct Assemblage of Fc-γR Expression, Cytokine Microenvironment, and Anti-*T. cruzi* IgG Interface in IND and CARD
---------------------------------------------------------------------------------------------------------------------------------------------------------------------

Machine learning methods were applied to identify significant connectivity among biomarkers. This approach provided insights into the cross-talk dynamic between Fc-γR expression and functional features of circulating leukocytes, resulting in the anti- *T. cruzi* antibody interface. **Figure [5](#F5){ref-type="fig"}** shows circular layouts representing three clusters of biomarkers (Fc-γR expression, cytokine microenvironment, and anti-live *T. cruzi* trypomastigote IgG interface) created to highlight the major differences between IND and CARD. Despite the similar proportion (50%) of positive and negative correlations observed in both clinical groups, CARD presented a more robust network with greater internode connectivity. Moreover, relevant intra-cluster differences were found, as shown by stronger Fc-γR positive inter-connections in IND and cytokine microenvironment negative inter-connections in CARD (**Figure [5](#F5){ref-type="fig"}**).

![Biomarker networks upon *T. cruzi-*antigen recall *in vitro.* Nodular network layouts were assembled to characterize the association between Fc-γR expression and cytokine profile of peripheral blood leucocytes upon *T. cruzi* antigen recall *in vitro* and the anti-live trypomastigote antibody reactivity from IND **(A)** and CARD **(B)** Chagas disease patients. Clustered distribution of Fc-γR expression and cytokine microenvironment interfaced by the anti-live *T. cruzi* trypomastigote IgG reactivity provided an integrative overview of biomarker networks. Neighborhood connections identify the correlation scores between attributes, classified as positive (solid line) or negative (equal dashed line).](fmicb-09-01608-g005){#F5}

Discussion
==========

There have been numerous studies investigating the immunological mechanisms associated with distinct clinical outcomes of chronic Chagas disease. However, the complex and multifactorial immunological events involved in this phenomenon have not been completely elucidated. Additional investigation is still needed to characterize the involvement of distinct cell subsets and molecules implicated in the host/parasite interaction. An analysis of this dynamic process is essential for a better understanding of disease outcome and may contribute to developing strategies for patient management. In this study, we have employed systems biology strategies to investigate the relationship between Fc-γR expression by distinct cell subsets and the cytokine microenvironment interfaced with anti-*T. cruzi* IgG reactivity to provide novel insights into the development/maintenance of distinct clinical status of cardiac Chagas disease.

It is well-known that human phagocytes express low, median, and high affinity Fc-γR and previous studies have demonstrated that these receptors mediate effector functions, including antibody-dependent cell-mediated cytotoxicity ([@B4]) and phagocytosis ([@B21]). Our data has shown that, in the absence of any exogenous *in vitro* interference, IND displayed an overall higher expression of Fcγ-R (CD16, CD32, and CD64) by neutrophils and CD16 and CD64 by monocytes. Conversely, in the previous study, which was carried out under unstimulated/stimulated *in vitro* cultures in the presence of supplementary addition of autologous serum, the IND group presented lower levels of CD16, CD32, and CD64 expression by monocytes ([@B6]). Moreover, the authors showed that the downregulation of Fc-γR expression by monocytes was even higher in IND in the presence of live trypomastigote organisms. It is possible that these differences are due to a turnover Fc-γR expression observed *in vitro* or differential impact of stimuli with live parasites or soluble antigens. In this context, the soluble antigens may favor the generation of immune complex anti-*T. cruzi* antibodies in the culture's microenvironment that would ultimately interfere at the Fc-γR/cell interface.

Additionally, we have observed that the CARD group presented an increased expression of CD32 by B-cells. [@B13] previously suggested that the binding of immune complex to the CD32 receptor on B-cells generates a negative regulatory sign that is associated with the inhibition of the activation, proliferation, antibody secretion by B lymphocytes, which explains the lower levels of *T. cruzi* specific IgG in the plasma from CARD patients observed in this study. Indeed, the higher levels of *T. cruzi* specific IgG antibodies by IND corroborate [@B2], suggesting an increased antibody-dependent cell-mediated cytotoxicity activity by these patients, which could be associated with protection.

It is well-known that cytokines play a pivotal role in the progression of different clinical forms of Chagas disease. A fine balance between the pro-inflammatory/regulatory profile of the cytokine microenvironment is important to controlling pathogenesis in chronic cardiac Chagas disease. Our data has shown that, while IND patients display a concomitant increase of IFN-γ^+^NEU/TNF^+^NK-cells and IL-10^+^MON/IL-10^+^B-cells, lower levels of IL-10^+^ phagocytes together with the enhanced frequency of TNF^+^ MON and NK-cells was the major functional feature of CARD. Corroborating our data, other groups have observed that monocytes from the IND group displayed a higher production of IL-10 upon exposure to *T. cruzi* antigens, while monocytes from CARD preferentially secrete high levels of TNF-α ([@B20]; [@B19]). Indeed, [@B6] observed that indeterminate patients displayed a higher ratio of monocytes expressing IL-10 over TNF-α and IL-12, suggesting that the production of regulatory cytokines is important to counterbalancing the pro-inflammatory immune response that may cause tissue damage.

Together, our findings revealed that relevant gaps in Fc-γR expression, along with impaired regulatory cytokine microenvironment in the interface of anti-*T. cruzi* IgG reactivity, prompted an imbricate and robust biomarker network in patients with cardiac Chagas disease. A larger number of internode connectivity with overall negative connectivity may account for the development/maintenance of the clinical status of CARD patients. These data reinforce that CARD may have insufficient control of an inflammatory response, as compared with IND patients, which contributes to the establishment of cardiac pathology.

Conclusion
==========

Our study demonstrated that patients with different clinical forms of chronic Chagas disease presented changes in the peripheral blood leucocytes profile on the total *T. cruzi* specific IgG levels, as well as in the cytokines environment pattern, supporting the hypothesis that immunomodulatory mechanisms are involved in the control of immune response in the indeterminate clinical form of Chagas disease. This study provides an integrative overview that is original and brings novel insights to these imbricate microenvironments interfacing the humoral and cellular immune response in Chagas disease.
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